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ABSTRACT 

Thirteen angular distributions have been measured from 8' to 70' for  the Sc45 
(cr,t)Ti4' reaction at 41 MeV. All exhibit the same basic shape, which is consistent 
with a distorted wave calculation where three units of angular momentum a r e  trans- 
ferred. Relative spectroscopic strengths for  these transitions agree well with experi- 
mental values obtained by others for  the (He3, d) reaction. Good overall agreement is 
obtained in a comparison with spectroscopic factors calculated from the McMullen, 
Bayman, and Zamick model for Sc45 and Ti4'. 
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STUDY OF THE (a, t) REACTION ON SCANDIUM-45 a t  41 MeV 

by Joseph R. P r i e s t * a n d  J o h n  S. V i n c e n t  

Lewis Research Center  

SUMMARY 

I Thirteen angular distributions have been measured from 8' to  70' for the (a, t) reac- 
tion on scandium-45 at 41 MeV. Very selective population of the states of Ti46 was ob- 
served, and these correlate well with those of the Sc (He3, d)Ti46 reaction which have 
large spectroscopic strengths for  an orbital angular momentum transfer of three units 
(2 = 3). The angular distributions have little structure and exhibit the same basic shape. 
The distorted wave Born approximation noncutoff calculations for  the stripping of an 
2 = 3 proton provides an adequate description of the angular distributions. The relative 
spectroscopic strengths extracted from the distorted wave Born approximation analysis 
agree favorably with those deduced from a similar study of the Sc (He , d)Ti46 reaction. 
Theoretical spectroscopic strengths calculated from the McCullen, Bayman, and Zamick 
single-particle wave functions for  the ground state of Sc45 and five low-lying states of 
Ti46 are in reasonable agreement with experiment. 
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INTRODUCTlON 

The study of reactions where a single nucleon is transferred from a projectile to a 
target can yield information which is rich in details of the nuclear structure. The suc- 
cess  in extracting this information depends, however, on the extent to which the mecha- 
nism of the reaction is understood. Of the proton transfer reactions (d, n) and (He3, d) 
have generally been characterized as stripping processes and have been compared with 
direct-reaction theories such as the distorted wave Born approximation (DWBA). Anal- 
ysis of a few (a, t) reactions using current DWBA stripping theories have been less  suc- 
cessful (refs. 1 to 4); even though at sufficiently high incident energy, the angular distri- 
butions have many of the attributes of the other reactions. The interpretation has been 
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that the (a ,  t) process is direct but not entirely of the stripping type. The principal dif- 
ference between the (cy, t) reaction and the (d, n) and (He3, d) proton-transfer reactions is 
that high angular momentum transfers are favored in the (a ,  t) process. This condition is 
attributed to the momentum mismatch and, at medium incident energies, results in the 
preferential population of residual states requiring three to five units of transferred angu- 
lar momentum (refs. 5 and 6). The choice of a suitable target to  study the (cy, t) reaction 
as a spectroscopic tool should be governed by the following considerations: (1) the nucleus 
should have structure which is well under stood from independent model calculations and 
(2) there should be an abundance of states for which the orbital angular momentum of the 
captures proton is three or four. Nuclei with protons in the If shell satisfy this re- 
quirement. The S C ~ ~ ( C Y ,  t)Ti46 reaction is particularly suited because reasonable model 
wave functions a r e  available (ref. 7), and two studies of the Sc 
available for comparison (refs. 8 and 9). The results of an investigation of the (a ,  t) re- 
action on s~~~ using 41 MeV alpha particles a r e  reported in this paper. 
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SYMBOLS 

A 

a 

C 
LYJf PJL 

D 7c 

IP 

MR 

MT 
N 

atomic number 

nu clear diffuseness 

C1 ebs ch- Gordon coefficient 

components of normalized eigenvectors for  the ath state in target and 
th p .state in residual 

differential cross section 

spin of final state 

spin of initial state 

incident wave vector 

exit wave vector 

angular momentum quantum number of coupled 2-20 neutrons and N-20 
protons 

orbital angular momentum quantum number of transferred proton 

mass of the residual nucleus 

mass of target 

number of data points 

2 



n 

q 

R 
N 

rO 

tn 
U 

V 

vC 
W 

Y 

V 

ODWBA 

2- 
the0 

A u e q  

U 

2 
Xn 

number of equivalent nucleons of type transferred in residual nucleus 

momentum transfer vector 

nuclear radius 

reduced nuclear radius 

spectroscopic factor 

nth state excited in this study 

normalized Racah coefficient in Jahn's (ref. 24) notation 

real nuclear potential 

Coulomb potential for uniformly charged sphere of radius roA 1/3 

imaginary nuclear potential 

normalization parameter for  comparing experimental and theoretical reaction 
cross sections 

seniority quantum number 

differential cross  section calculated from distorted wave Born approximation 

experimental differential cross  section 

theoretical differential cross  section 

experimental e r r o r  

single particle wave function of captured nucleon 

usual measure of goodness of f i t  between experimental and theoretical data 

nuclear wave functions having total angular momentum J and Z component M 

EXPERIMENTAL PROCEDURES AND RESULTS 

The Lewis Research Center fixed-energy cyclotron provided the source of 
41.0k0.2 MeV alpha particles. The Sc45 target was  a self-supporting, evaporated film 
having an areal density of 0.926*0.050 milligram per  square centimeter. The tritons 
were detected in a 4.5-millimeter-thick lithium drifted silicon detector. The defining 
aperture of this counter was rectangular and subtended a solid angle of 1.24~10-~ stera- 
dian. Tritons were discriminated from other Z = 1 reaction products by a AE-E 
counter telescope and a particle identifier similar to the design of Goulding et al. 
(ref. 10). The effectiveness of this system can be assessed from the mass spectrum 
shown in figure 1. A triton spectrum for a laboratory angle of 20' is shown by the open 
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Figure 1. -Mass identif ier output spectrum for 2 = 1 re- 
action products. 
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Figure 2. -Tr i ton  spectrum obtained at 20" for S C ~ ~ ( ~ ,  t)Ti46 reaction at 41 MeV. Calibration curve used to 
calculate excitation energies shown i s  based on l inear least squares f i t  between Q-values and peak positions 
obtained from computer fits to spectra for to, tl, t2, and t 8  groups. (The Q-values for these four  excita- 
t ions were taken from ref. 8). 
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Figure 3. - Summary of measured triton angular distributions for S ~ ~ ~ ( a , t l T i ~  reaction at 
41 MeV. Errors shown are due only to statistical uncertainties. The t. notation refers to 
the triton group designated in  figure 2 The mean excitation energies ik titanium-46 corre- 
sponding to these groups can be inferred from table 111. 
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TABLE I. - NUMERICAL DATA 

Scattering 
angle, 

0, 
deg 

__ 

Differential Experimental 
cross error, 

section, A 0, 
du/dn, iWsr 
I.rb/sr 

Scattering 
a . 4  e 9 

11.0 
13.7 
16.4 
21.9 
27.3 
30.0 
32.7 
38.1 
43.5 
46.1 
48.8 
51.5 
54.1 
56.8 
59.4 
69.9 

Differential Experimenb 
cross error, 

section, Am9 
du/dS2, O/sr 

826.6 
760.3 
555.5 
387.9 
206.7 
159.4 
107. 7 
86.6 
60.4 
49.5 
33.8 
34.0 
35.4 
28.5 
27.4 
16.4 
10.2 

Scattering 
angle, 

0, 
deg 

- 

~ 94.9 
36.4 
31.3 
26.3 
10.9 
9.7 
8.8 
7.6 
6.2 
4.5 
4.9 
3.8 
3.6 
3.3 
2.6 
2.3 
1.7 

Differential 
cross 

section, 
du/dS2, 
Pb/sr 

8.2 
10.9 
13.6 
16.3 
19.1 
21.8 
24.5 
27.2 
29.9 
32.6 
35.2 
37.9 
40.6 
43.3 
45.9 
48.6 
51. 3 
53.9 
56. 5 
59.2 
64.4 
69.6 

Excited state, to 

1283.8 118. 7 
1327.2 48.3 
969.9 41.5 
573.4 32.1 
378.6 18.4 
305.5 13.3 
266.3 14.1 
204.4 11.0 
140.9 10.1 
99.0 8.1 
92.5 7.2 
83.5 7.3 
70.2 6.5 
66.4 5.2 
58.0 6.4 
46.5 4.4 
32.3 3.5 
30.7 3.2 
18.0 2.1 
21.5 2.7 
14.8 1.8 
5.9 1.3 

_ _  _. ~ 

508.8 
282.8 
179.8 
144.5 
67.6 
42.4 
27.8 
21.1 

8.2 1363.6 
10.9 1162.9 
13. 7 862.1 
16.4 655.4 
19.1 419.8 
21.8 332.8 
24.5 303.5 
27.2 233.9 
30.0 155.9 
32. 7 119.4 
35.3 111.4 
38.0 114.3 
40.7 86.9 
43.4 79.5 
46.1 75.4 
48. 7 58.2 
51.4 42.4 
54.0 38.3 
56.7 30.0 
59.3 25.8 
64.6 18.3 
69.8 15. 6 

~ ~ . -  

Experimen 
error, 

I.rb/sr 

122.0 
45.0 
39.0 
34.2 
19.3 
13.8 
15.1 
11.8 
10.6 
8.9 
7.9 
8.5 
7.2 
5.6 
7. 3 
4.9 
4.0 
3.6 
2.7 
2.9 
2.0 
2.0 

t4 

154.5 
60.5 
52.0 
40. 3 
17.2 
15.3 
13.9 
11.0 
10.8 
7. 4 
8.8 
6.6 
5.3 
4.6 
3.7 
3.9 
2.6 

-. 

8.2 
11.0 
13.7 
16.4 
21.9 
27.3 
30.0 
32.7 
38.1 
43. 5 
46.2 
48.8 
51.5 
54.1 
56.8 
59.4 
69.9 

t5 

29.9 
22.4 
10.1 
9.2 
6.7 
4.1 
3.4 
2.7 

2194.7 
2110.1 
1539.9 
964.2 
518.7 
395.2 
268.6 
185.9 
185.4 
137.7 
110.2 
104.2 
74.7 
63.1 
58.2 
47.8 
25.8 

6 

13. 7 
16.4 

~ 21.9 
27.3 
32.7 
43. 5 
48.8 
54.2 

8.2 
10.9 
13.6 
16.4 
19.1 
21.8 
24.5 
27.2 
29.9 
32.6 
35. 3 
38.0 
40.7 
43.3 
46.0 
48. 7 
51.3 
54.0 
56.6 
59.2 
64.5 
69.7 

r .-  

2046.8 149.7 
1675.0 54.1 
1460.9 50.9 
946.2 41.1 
536.4 21.9 
437.5 15.8 
393. 7 17.2 
320.7 13.8 
230.2 12.9 
160.3 10.3 
157.3 9.4 
159.0 10.0 
143.7 9.2 
107.3 6.6 
72.0 7. 2 
72.7 5.5 
69.6 5.1 
59.9 4.5 
33.8 2.9 
30.3 3.1 
24.1 2.3 
17.4 2.2 I -  



lcattering 
=@e, 

0, 
deg 

Differential Experimental 
cross e r ro r ,  

section, Au, 
du/d.Q, Ctb/sr 
Ctb/sr - 

angle, 
0, 

deg 

cross 
section, 
du/dS2, 
Ctb/sr 

TABLE I. - Concluded. NUMERICAL DATA 

cattering I Differential I Experimen Differential 
cross  
section, 
du/d.Q, 
Ctb/sr 

Experimental 
e r ro r ,  

Au, 
Ctb/sr 

error, 
Ar, 

W s r  

120.3 
46.4 
31.6 
31.3 
12.5 
11.4 
10.1 
8.8 
I. 8 
5.3 
6.3 
4.4 
3. I 
3.3 
2.6 
2.4 

18.2 
30.4 
24.9 
18.3 
I. 5 
7.6 
I. 4 
5.2 
5.2 
3.2 
4.0 
3.4 
2.4 
2.1 
1.8 
2.0 

Excited state, t10 
~ 

167.0 
66.0 
55.6 
45.7 
18.9 
16.0 
15.2 
12.6 
10.7 
I. 4 
9.1 
6.5 
5.4 
5.0 
3.8 
3. I 

8.2 
11.0 
13. I 
16.4 
21.9 
27.3 
30.0 
32.8 
38.2 
43.5 
46.2 
48.9 
51.5 
54.2 
56.8 
59.5 

1333.6 
1240.6 
804.3 
554.4 
213.8 
219.1 
142.9 
118.8 
95. I 
I O .  9 
55.4 
41.0 
31.5 
32.0 
21.6 
17.9 

8.3 
11.0 
13. I 
16.5 
21.9 
21.4 
30.1 
32.8 
38.2 
43.6 
46.2 
48.9 
51.6 
54.2 
56.9 
59.5 

2514.9 
2520.8 
1161.8 
1180.4 
633.9 
438.9 
321.5 
243.5 
182.9 
139.2 
111.6 
103.5 

79.6 
14.6 
62.0 
42.6 

8 .3  
11.0 
13.7 
16.5 
21.9 
21.4 
30.1 
32.8 
38.2 
43.6 
49.0 

8. 3 
11.0 
13. 8 
16. 5 
22.0 
21.4 
30.1 
32.8 
38.3 
43.6 
49.0 

8.3 
11.0 
16. 5 
22.0 
27.4 
30.2 
32.9 
38.3 
43. I 
49.0 

862.9 
123.0 
496.9 
353.1 
115.3 
164.0 
110.4 
64.6 
55.1 
41.0 
37.4 

96. 5 
35.3 
29.5 
25.0 
10.0 
9.8 
8.9 
6.5 
5.9 
4.0 
3.9 

itcited state, tll 
~ 

862.4 
612.6 
446.0 
341.6 
151.2 
140.1 
111.1 
61.2 
41.6 
42.1 
31. I 

96.5 
34.1 
21.9 
24.8 

9.4 
9.1 
8.9 
6.6 
5.5 
4.1 
3.6 

Excited state, 

1016.3 
814.4 
606.4 
431.4 
234.8 
151.4 
112.1 

85. 5 
76.2 
53.6 
54.6 
38. 3 
37.8 
23.9 
22.5 
17.9 

~ 

Excited state, tl 3 

104.9 
31.5 
32.6 
27.6 
11.5 

9.6 
9.0 
I. 5 
6.9 
4.6 
6.2 
4.0 
3.8 
2.8 
2.3 
2.4 

8.3 
11.0 
13. I 
16.5 
21.9 
21.4 
30.1 
32.8 
38.2 
43.6 
46.3 
48.9 
51.6 
54.3 
56.9 
59.6 

8.3 
11.0 
13. I 
16.4 
21.9 
21.3 
30.1 
32.8 
38.2 
43.5 
46.2 
48.9 
51.6 
54.2 
56.9 
59.5 

563.4 
534.3 
352.0 
188.8 
98.8 
98. I 
15.4 
40.9 
42.2 
25.1 
22.5 
28.2 
15. 3 
13.6 
12.8 
12.6 

icited state, t12 

602. I 
518. I 
299.8 
144.7 
109. I 
101.0 

31.4 
43.2 
39.0 
28.9 

~~ 

80.6 
29.9 
23. 0 

9.1 
8. 0 
8. 5 
5.0 
5.2 
3.9 
3. 5 
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Figure 4. - Optical model f i t  to S ~ ~ ~ ( a , a ) S c ~ ~  angular distr ibut ion for alpha-particle energy of 41 MeV. 
Parameters used were set 4 (table IV). Fits obtained with the  sets of  parameters shown in 
table I V  were practically indistinguishable. 
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circles in figure 2. An evaluation of this spectrum yields an overall energy resolution 
of 150 keV full width at half maximum. 

The first three triton groups in figure 2 a r e  completely resolved and correspond to 
production of the ground and first two excited states of Ti46 (ref. 11). There are also a 
number of prominent, but only partially resolved groups in the spectrum. These groups 
more than likely do not correspond to excitation of a discrete state but do represent pref- 
erential production of a state. They were analyzed by the following procedure: For each 
angle the three resolved groups were fitted with a skewed Gaussian function using a 
least-squares computer program. This procedure yielded the width parameter, peak po- 
sition, and areas under the curve of the Gaussian function. An average value of the width 

TABLE Il. - DIFFERENTIAL CROSS SECTIONS FOR 

ELASTIC SCATTERING O F  41-MeV ALPHA 

PARTICLES FROM SCANDIUM-45 

Scattering 
angle, 

9, 

deg 

11.97 
14.69 
17.40 
20.12 
21.74 
22.83 
24.45 
25.53 
27.15 
28.23 
29.85 
30.93 
32.55 
34.16 
35.24 
36.31 
36.85 
37.92 
39.53 
40.60 
42.21 
43.28 
44.88 

>iff erential 
c ros s  

section, 
du/dO, 
mb/sr  

6494 
1565 
1256 

- 

505.7 
234.2 

86.56 
49.88 
67.76 

130.4 
132.6 
107.5 
65.84 
22.92 

2.55 
3.07 

10.17 
14.93 
21.80 
24.08 
22.10 
12.51 
6.21 
1.26 

_____ 

Scattering 
angle, 

9 ,  
deg 

45.94 
47.54 
48.60 
50.20 
51.26 
52.85 
53.90 
56.54 
57.60 
59.18 
61.80 
62.85 
64.42 
66.50 
68.06 
69.62 
71.69 
73.24 
74.79 
76.85 
79.93 
81.97 
85.02 

Xfferential 
c ros s  

section, 
du/dO, 
mb/sr  

0.846 
3.45 
5.83 
7.63 
7.26 
6.16 
4.62 
1.30 
1.02 
1.35 
2.44 
2.43 
2.51 
1.43 

,953 
.586 
.452 
.588 
.617 
.611 
.387 
.203 
.133 
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parameter for the three fits was extracted, and this value was held fixed for the fitting of 
the remaining prominent triton groups. Typical results using this method are illustrated 
by the solid line in figure 2. The standard deviation between computer calculation and 
the total number of counts obtained by summing 66 resolved spectral peaks was calcula- 
ted to be 5. 5 percent. Differential cross  sections for production of the states labeled 
to to t2 were calculated using triton yields obtained by summing the counts in the 
groups. Those for the states labeled t3 to t12 were calculated using the yields ob- 
tained from the computer fits. The overall uncertainty in the cross  sections for these 
two sets is assessed at 15 and 25 percent, respectively. The uncertainty in the relative 
c ross  sections is estimated as 10 and 20 percent since a fixed monitor counter was used 
to' normalize the data. The center-of-mass differential c ross  sections plotted against the 
center-of-mass reaction angle are presented in figure 3. The e r ro r s  shown reflect only 
the statistical uncertainty in the cross  sections. The numerical data are presented in 
table I. 

In addition to the reaction cross  sections, the elastic scattering of alpha particles by 
Sc45 was measured using the same target. This was necessary to  obtain a description of 
the incident channel. The data are shown in figure 4 and in table II. 

DISCUS S ION 

Several studies of the states of Ti46 have been reported (refs. 8, 9, and 12  to 17). 

(p, p ' ~ ) T i ~ ~  reaction, and Broman and Pullen (ref. 8) and Barnard and 
The most useful of these for the present study are those of Mo et al. (ref. 17) who 
studied the T i  
Jones (ref. 9), who studied the Sc 
in the first seven columns of table III. The mean Ti46  excitation energies for our study 
are listed in the eighth column. 
calibration curve based on a linear least squares f i t  between the Q-values and peak posi- 
tions obtained from the computer fits to the spectra for the to, tl, t2, and t8 groups. 
Those states designated in the eighth column of table III correlate well with those states 
in the S C ~ ~ ( H ~ ~ ,  d)Ti46 reaction having large 2 = 3 spectroscopic strengths. This is 
expected from the momentum-mismatch argument which can be formulated as follows. 
The momentum-transfer vector for a stripping reaction is defined as 

46 
45 3 (He , d)Ti46 reaction. Their results are summarized 

These were obtained from the analytic form of an energy 

P 

q - k  --kf MT 

MR 
,., -i 

where ki and lsf a r e  the center-of-mass wave vectors of the incident and exit particles 
and MT and MR a r e  the masses of the target and residual nuclei. The momentum 

10 



. . _. - _ _  - - 
.58 

- _. -. _ _  
. . _. _. - _ _  
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3.247 
3.310 
3.455 
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3.737 
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----- 
3.955 
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4.620 
4.723 
4.846 
4.999 
5.045 

......... 
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. . - - -. . - - 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

......... 

. . -. - -. - - 
- - -. -. - - 
. - -. -. - - - 
. - - - -. - -. 
. -. -. -. -. 

- - _. - _ _  - - 
. - _. -. . - - 
- - ._ __. -- 

5.616 
5.816 
5.699 
5.982 
6.029 

6.086 
6.141 
6.214 
5.246 
5.335 

6.421 
6.556 
6.623 
6.744 
6.856 

6.697 
6.979 
7.049 
7.101 
7.147 

TABLE III. - SUMMARY OF PERTINENT SPECTROSCOPIC INFORMATION FOR TITANIUM-46 

Source 

Ref. 6 

,-lransfei 

3 
1,3 
1,3 _ _ _  
3 

2 _ _ _  
1.3 

3 
2 

1 , 3  

1 .3  

1,3 

1 , 3  

1 

_ _ _  

1 

3 
1 
3 

1 

L 3  
1 , 3  
1 , 3  
0 

1 

1 , 3  

1 , 3  
1 , 3  

1 

1 
0 

1 , 3  
1 , 3  
1 

0 

L 3  
0 
0 
1 

1 
1 , 3  
1 

1 , 3  
1 , 3  

1 

1 , 3  
1 , 3  
1 
1 

1,3 
1 
1 
1 
1 

2ef. 11 

Excita- 
tion, a 
MeV 

0 
.69 

2.01 
2.61 
2.96 

3.06 
3.17 
3.23 
3.29 
3.44 

3.56 
3.73 

3.90 
--__ 

-.__ 

4.05 
._._ 

4.21 
4.35 
4.45 

4.64 
4.72 
4.83 
.___ 

._._ 

.... 

_ _ _ _  
_ _ _ _  
.___ 

_ _ _ _  
_ _ _ _  
__._ 

.... 

.__. 

.... 

..__ 

..__ 

.... 
_.__ 

.... 

.___ 

.... 

.... 
_ _ _ _  
.___ 

_._. 

_ _ _ _  
_ _ _ _  
_ _ _ _  
_.__ 

.-__ 

.._. 

_ _ _ _  
._._ 

_.._ 

ation Present invef 

Cxcita 
tion, 
MeV 

3 
.667 

2.006 
..... 

2.96 

.____ 
3.17 
.____ 

Spectro- 
scopic 

strength 

0.27 
I .  0 6 4 .  Zf 
.044 .22  

Excita- 
tion, 
MeV 

0 
,691  

2.014 

2.974 
..... 

jpectro- 
SCOPlC 

3trength 

0.53 
, 2 5 4 . 9 6  
2 0 4 . 7 2  
. _ _  -. - _ _  

.50 

.09 

01+0.24 
.90 
.27 

, 0 2 4 . 3 6  
.06 

,06+0.31 

. - -. ._ - - 

.22 

3.44 

.____ 

..... 

.____ 
3.90 

, 0 9 4 . 5 1  

.08 
, 0 2 4 . 1 4  

. 2 3  

.04 
2.11 

.06 
, 0 3 4 . 5 9  

.01+0.05 
.06 

. 1 3  
. 0 2 4 . 1 1  

.02 

.14+0.41 

.06 

.06 
.02+0.04 
, 0 2 4 . 3 1  

.os 

.03 
.01+0. Of 

. O l  
0 

.06 

.18 
.09+0.22 

.03 
.13+0. 51 
.02+0.3: 

.04 
, 0 2 4 . 1 4  
, 0 9 4 . 1 t  

.06 

.06 

.09+0.2( 
.06 
.16 
.25 
.42 

. o3+0. oa 

. 07+0.4a 

- -  

4.049 
4.158 
4.206 
4.394 
4.533 

5.098 
5.187 
5.326 
5.383 
5.557 

..... 

I .  204 
7.294 
7.349 
7.433 
7.565 

6b,p'v)Ti46. Uncertainty quoted i s  +lo  keV. aExcitation energies from 1 

%"certainties quoted are h12 Lev  for energies less than 3.955 MeV, h15 keV for energies between 

'Estimated uncertainty is +30 keV. 
dLevel designation corresponding to triton groups s h m  in fig. 2. 

4.049 and 5.962 MeV, and +20 keV for energies between 6.029 and 7.565 MeV. 
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transfer vector 1 q 1 depends not only on 1 Icil and 1 lcf 1 but also on the reaction angle. 
And it is a minimim for a reaction angle of 0, is zero if ki  = (MT/MR) X kf (i. e.,  
if the momenta are matched), and increases monotonically with angle. If I kil and 
(MT/MR) x I kf I are unequal, the minimum 1 q 1 can be substantially different from 
zero. In a simple stripping reaction we expect the maximum in the differential cross 
section to occur at an angle corresponding to I q 1 R = 2 where R is the radius of the 
nuclear surface, and 2 fi is the orbital angular momentum of the transferred nucleon 
(ref. 18). This is indeed the case for the Sc 
sc ( a ,  t)Ti46 reaction I I differs enough from I kt I that the minimum value of 
I z l R  is greater than 1. Hence the condition I q 1R = 2 can never be satisfied for the 

= 1 proton transfers, and these transitions should be suppressed. Other evidence for 
= 1 and 2 = 3 transitions the suppression of the 2 = 1 components of the mixed 2 

can be seen from the shapes of the (a, t) angular distributions. There a r e  no distinguish- 
ing characteristics in, for example, the angular distributions for production of the first 
three states in Ti46 as shown in figure 5. This is in contrast to that observed in the 

3 (He , d) reaction where the 2 = 1 component can easily be observed at the forward 
angles. 

Even though the energy resolution in the present experiment was not adequate for re- 
solving discrete states above 3 MeV in Ti46, an analysis of the angular distributions pre- 
sented in figure 3, within the framework of current DWBA stripping reaction formalisms, 
seems reasonable because of the suppression of the 2 = 1 transitions and the selec- 
tivity of the (a ,  t) reaction for certain residual states. The data a r e  all consistent and 
all angular distributions display the same basic shape. 

tomary to write the differential cross  sections as (ref. 19) 

N 

N 

45 3 (He ,d)Ti46 data (ref. 17). For the 
45 

N 

2 P  
P 

P 

P 

For the transfer of a nucleon with 2 units of orbital angular momentum, it is cus- 

2 If the isospin formalism is used, then SI should be replaced by C S (ref. 20). Since 
the theoretical values of the S2 used in this analysis did not include the isospin factor, 
the form of the differential cross section in equation (2) will be used to determine exper- 
imental values of S2 . The spectroscopic factor S contains the structure information 2 
for the nuclei involved and is defined for single-particle wave functions as (ref. 7) 

(3) 

12 



L 
“ 1  n 
E 

Excited 
state 

“ t o  
t l  

A t2 

8 

I 
10 20 30 40 50 60 700 

Centerdf-mass scattering angle, Ocm, deg 

Figure 5 - Normalized angular distr ibutions for to, tl, and t2 t r i ton  groups in 

. 01 
0 

the  SC~~(L-I, t)Ti46 reaction. 

Equation (2) is a proportionality rather than an equality because the formalism involves 
an overlap integral for the dissociation of an alpha particle into a triton and proton, and 
this quantity is not normally calculated for the (cy, t) reaction. This constant will be de- 
termined empirically by normalizing the Sc 45 (a, to)Ti46 data to  the Sc 45 (He 3 , do)Ti 46 

data. 

in equation (2). The numerical calculations employed the zero-range approximation for 
the nuclear interaction, noncut-off radius approximation for the radial integrals, and 
were made with the direct-reaction FORTRAN code written by Gibbs et al. (ref. 22). 
The wave functions for the incident and exit channels were generated using a Woods- 
Saxon potential of the form 

The DWBA formalism of Tobocman (ref. 21) was used for the description of oDWBA 

13 



V iW Vc--- 
1 + ex 1 + ex' 

where 

r - roA 1/3 
X =  

a 

a' 

The potential parameters for the incident cy + Sc45 system were obtained from calcula- 
tions of the differential c ross  sections for the elastic scattering of 41-MeV alpha parti- 
cles from S C ~ ~ .  The theoretical calculations determined those potential parameters 
which minimized the x2 function defined by 

Potential 
se t  

1 
2 
3 

a4 
5 

Particle 

Alpha 

Triton I b 

Real 
nuclear 
iotential, 

v7 

MeV 

27.0 
64.4 
103.6 
200.2 
150.6 

2 =  1 x - -  
N 

TABLE IV. - OPTICAL MODEL PARAMETERS 

Reduced 
nuclear 
radius 

for real 
potential, 

fm 
rO' 

1.7 
1.6 
1.515 
1.395 
1.24 

Nuclear 
5iffusness 
for real 
nuclear 
potential, 

a, 
fm 

0.591 
.538 
.544 
. 565 
.678 

Imaginary 
nuclear 
potential, 

MeV 
w7 

11.7 
14.3 
17.5 
26.4 
25.0 

Reduced 
.adius for 
imaginary 
nuclear 
potential, 

fm 
r; , 

1.7 
1.6 
1.515 
1.395 
1.45 

. 

Nuclear 
diffuseness 

ior imaginary 
nuclear 
potential, 

a' , 
fm 

0.591 
.538 
.544 
.565 
.841 

- 

Zoulomb 
radius, 

roc' 
fm 

1.7 
1.6 
1.515 
1.395 
1.24 

Goodness 
of fit, 

2 X 

12 5 
86 
104 
144 
--- 

%sed in DWBA cal-dations. 
bTriton potential parameters were estimated from the 20 MeV-triton elastic scattering results of Hafele, et al. 

(ref. 23). 
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Four sets of equivalent parameters are given in table IV. The calculation using the deep 
well parameters (set 4) is displayed along with the experimental results in figure 4. 
Since similar data were not available for the exit t + Ti46 system, the triton optical 
model parameters were estimated from the 20-MeV triton elastic scattering results of 
Hafele et al. (ref. 23). The potential well depths were calculated from the expressions 
V = 0.057 A + 148 and W = -0.097 A + 29.4. This dependence of V and W on A for 
52 5 A 5 116 was deduced by Hafele et al. (ref. 23) using fixed geometrical parameters. 
The complete set of parameters is listed as set 5 in table IV. 

Woods-Saxon Hamiltonian with eigenenergy equal to the binding energy of the proton in 
the residual nucleus. The potential did not contain a spin-orbit term. The radius and 
diffuseness parameters of the potential functions were 4. 5 and 0.65 fermi (femtometer). 
The depth of the potential was chosen to reproduce the binding energy. 

eters (currently favored in the literature) for the incident a + Sc45 system are dis- 
played in figure 6. Essentially equivalent fits can be obtained with any of the sets of op- 
tical model potential parameters listed in table IV if the cut-off radius calculation is 
used. We find, however, that for the deep well parameters the calculations are much 
less sensitive to  choice of the cut-off radius and that the difference in magnitude and 
shape of the theoretical angular distributions for zero and nonzero cut-off calculations 
are less pronounced. The theoretical calculations were adjusted in magnitude by deter- 
mining the normalization parameter y which minimized the x2 function defined by 

The bound-state wave function for the captured proton was an eigenfunction of a 

The numerical calculations employing the deep well optical model potential param- 

3 5O 

The theoretical fits a r e  quite satisfactory in the angular region 8' to 35' and are reason- 
able at the larger angles. Relative spectroscopic strengths were extracted by assuming 
Barnard and Jones' value of 0.27 for the spectroscopic strength of the ground-state tran- 
sition in the Sc (He , dO)Ti46 reaction. These spectroscopic strengths a r e  listed in 
table V and are displayed graphically in figure 7. Some appropriate 2 = 3 spectro- 
scopic strengths from the works of Broman and Pullen (ref. 8) and Barnard and Jones 
(ref. 9) are also shown. Broman and Pullen's data have been normalized to the ground- 
state data. In view of the uncertainties in the experimental data and the theoretical fits, 
the agreement between the spectroscopic strengths obtained from the (a, t) and (He , d) 
reactions is good. All spectroscopic strengths, with the possible exception of that for 
the t8 transition, agree within the associated errors.  The good agreement is probably 

16 
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TABLE V. - SINGLE-PFtOTON-TRANSFER THEORETICAL SPECTROGRAPHIC STRENGTHS FOR 

STRIPPING =.ACTION AS DEDUCED FFWM McCULLEN, BYMAN, AND ZAMICK SINGLE- 

PARTICLE WAVE FUNCTIONS FOR SCANDIUM-45 AND TITANIUM-46 

Excitation, 
MeV 

0 
1.1009 
2.1726 
2.7710 
3.2126 
3.2639 
3.6944 
3.7482 
3.9031 
3.9966 
4.0224 
4.1870 
4.8897 
4.9821 
5.1973 
5.2026 
5.2119 
5.4751 
5.4989 

Final 
state 
spin 

0 
2 
4 
2 
4 
6 
2 
3 
4 
1 
5 
6 
6 
8 
0 
5 
4 
3 
2 

lpectroscopic 
factor, 

S 

2.0000 
1.3200 
.3885 
.3328 
.00079 
.3523 
.1955 
.0616 
.8996 
.0641 
.0005 
.8517 
.OOll 
0 
0 
.0587 
.0013 
.0435 
.0003 

Spectroscopic 
strength, 

(-)s 

0.2500 
.8250 
.4370 
.2080 
.00089 
.5724 
.1221 
.0539 
1.0120 
.0240 
.00069 
1.3840 
.0017 
0 
0 

.0807 

.0014 

.0380 

.00019 

Excitation, 
MeV 

5.6391 
5.6761 
5.6966 
5.9327 
5.9423 
5.7980 
6.0965 
6.1339 
6.2678 
6.4425 
6.5901 
6.6614 
6.8694 
6.9170 
7.0542 
7.1207 
7.1236 
7.1894 
7.2550 

Final  
state 
spin 

4 
3 
7 
8 
7 
2 
4 
5 
6 
6 
7 
5 
1 
6 
3 
0 
2 
4 
6 

3pectroscopic 
factor, 

S 

0.0012 
.0690 
.0534 
0 
.0720 

.0533 
0205 
.0004 
.0752 
.0117 
.0046 
.0032 
.0059 

0 

0 
.0003 
.00041 
.0061 
.0237 

spectroscopic 
strength, 

(-)s 

0.0013 
.0609 
.1001 

.1350 
0 

0 
.0599 
.0281 
.0007 
.1222 
.0219 
.0064 
.0012 
.0097 

0 
0 
.0003 
.0069 
.0386 
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Excitation Excited 
in Ti46, 
MeV 

5.967 

5.549 

5.370 

4.733 

4.533 

4.133 

3.920 

3.575 

3.294 

2.963 

2.012 

.890 

0 

state 

t12 

t l l  

$0 

t9 

t8 

t7 

t6 

t5 

t 4  

t3 

t 2  

t l  

t 0  

........... ............. ............ L m'w,:. 4 

... 

----- ................... .................... ............. m #.,,FT? 

i i 1 1 1 1 i i i I 1 1 1 1  
0 .5  1.0 1.5 

Spectroscopic strength, [(2JF + 1)/(2J1 + 1)lS 

Figure 7. - Comparison of spectroscopic strengths for (a, t) and (He3, d) reactions o n  
S C ~ ~ .  Only Zp = 3 component of (He3, d) spectroscopic strength i s  shown. 
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1 

i 

5 

4 

2 
I 

m L 
a, !z w 

3 

2 

1 

C 

MBZ theory (ref. 8) 

Spin 

5 
7- 4 

8 
2 

I -.. 

Experiment 

Excited Spin and parity 
state 

-15 
t12 3- (refs. 14 and 15) 

Lo 8 
6 

4' (ref. 15) 

to 4+ (ref. 15) 

/_-_-' 6 -** ,, ,/ I+ (ref. 8) 
3- (refs. 14 and 15) 

4 t' 5- (refs. 14 and 15) 
t 7  d 5 / '  

3 
2 

U 
3- (refs. 14 and 15) 

t 5  __---- 
6' (refs. 8 and 26) 

7 -  

t 4  
_--- 6 __------ 

4 I+ (ref. 27) 2, 5 (ref. 151, 5-(ref. 14) 
14 and 151, 4' (ref. 17) 

2 _--- 

0 t 0 O+ 

Figure 8. -The energy levels of t i tanium-46 as reported by Broman and Pul len (ref. 8). The ti 
notation indicates those levels studied in t h e  Sc45(a, t ) T i a  reaction. The two levels shown as 
dashed l ines were not reported by Broman and Pul len bu t  have been seen by several other in- 
vestigators. The interconnecting dashed l ines  indicate those levels wh ich  can possibly be identi- 
fied wi th t h e  predictions of McCul len et al. 
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due to the large proton orbital angular momentum transfers (I 
reaction, favor the direct reaction mechanism (ref. 3). 

The wave functions of the McCullen, Bayman, and Zamick (ref. 7) (hereafter re- 
ferred to  as MBZ) for s~~~ and Ti46 were used in the theoretical calculation of the spec- 
troscopic factors. They assume that these nuclei are described by wave functions com- 
posed of a calcium-40 (Ca 
shell. Experimental evidence from the Sc 
theoretical and experimental energy spectra (fig. 8) indicates that this is only an approx- 
imation since the wave function for many of the excited states of Ti46 clearly contain ad- 
mixtures of 2p3,2 configurations. They write the Ti46 and s~~~ wave functions in states 
CY and /3 as 

= 3) which, for the (CY, t) 
P 

40 
7/2 

) core plus 2-20 protons and N-20 neutrons in the If  
45 3 (He , d)Ti46 reaction and comparison of 

*1234, P1P2 

- 
L L V  

P n n  

r 1J. 

Jf 

(7) 

M 

L J M  

Following MBZ, the theoretical spectroscopic factor for the S C ~ ~ ( C ~ ,  t)Ti46 reaction 
becomes 

1” 
(9) 

1 LplvnLn J 
where U is the normalized Racah coefficient in Jahn’s notation (ref. 24). Results ob- 
tained for the evaluation of equation (9) for the first v8 states of T 46 predicted by the 

1.T. CY J, 
MBZ model are shown in table V. The numerical values of the C--’ and D * were 
taken from reference 2 5 .  
assignments a r e  very tentative, and it is thus impossible to identify which states cor- 

For excitations above v MeV in Ti46, the few spin and parity 
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Excitation, 
MeV 

3.310 

2.974 

2.014 

.891 

Ground 

Spin 
and 

parity 

6' 

2+ 

4+ 

2+ 

O+ 

This work 

a 
0 

Broman and Pul len (ref. 8) 

Barnard and Jones (ref. 9) 
McCullen, B 

................. ................... . . . ~  :...,,. P ,: / i; '  

k.-.-.-; ........ , ................... ................ 
'.:;,,,$ 2. %7F * 

.L_LLL.._L ~_L1- 1 
0 .5 1.0 
Spectroscopic strength, C(ZJF + 1)Z(2JI + 111s 

Figure 9. -Comparison of the  theoretical spectroscopic strengths calculated from the  
scand ium45 and titanium-& single-particle wave functions of McCullen, Bayman, 
and Zamick wi th t h e  experimental results of references 8 and 9 and t h i s  work. 

to the MBZ predictions. The spin and parity of the first four states of Ti46 a r e  pre- 
dicted by the MBZ model, and the level at 3.310 MeV, which has been given a tentative 
assignment (ref. 26) of 6', appears to be the first 6+ level predicted by the MBZ model. 
The MBZ spectroscopic factors are displayed along with the experimental values in 
figure 9. The agreement is quite satisfactory especially for those transitions shown 
to be pure 1 
ment between the MBZ and experimental spectroscopic factors for the 3.310-MeV state 
supports the contention that the spin and parity of this state is 6+. 

It is, of course, difficult to make definite spin and parity assignments to the states 
of Ti46 on the basis of a comparison of the experimental and theoretical spectroscopic 
strengths just presented. However, table V shows particularly large spectroscopic 
strengths for a few transitions. It may be possible, then, to  make some corroboration of 
a tentative assignment or some reasonable speculation for an assignment. 

Broman and Pullen (ref. 8) have suggested that the states at 3.310, 4.206, and 4. 533 
MeV have spin and parity 6', l', and 6+. The reason being that these correspond to 

3 = 3 angular momentum transfer in the @e , d) reaction. The good agree- 
P 
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pure 2 = 1 angular momen- 
tum transfer is forbidden by the selection rule for angular momentum. These states 
could correspond to the 6+, 1+, and 6' states at 3.2639, 3.9966, and 4.1870 MeV in the 
MBZ model. 

A s  discussed earlier, the MBZ spectroscopic strength for the first 6' state is in 
good agreement with the experimental value for the 3.310-MeV state. The MBZ spec- 
troscopic strength for the first 1' state is much lower than the experimental value for 
the 4.206-MeV state, so any verification of a tentative 1' assignment is dangerous. 
Since Lewis et al. (ref. 27) have identified the state at 3.17 MeV as being 1+, it would 
seem that this is a better candidate for the MBZ 1+ state at 3. 9966 MeV since the next 1' 
state in the MBZ model occurs at 6.8694 MeV. The small MBZ spectroscopic strength 
for this state at 3.9966 MeV would explain why this state was not excited in either the 
high-resolution study of the Sc (He , d)Ti46 reaction by Broman and Pullen (ref. 8) o r  
the Sc (CY, t)Ti46 reaction in this study. The MBZ spectroscopic strength for the sec- 
ond 6' level is the largest of all the theoretical values and is in good agreement with the 
experimental value for the 4. 533-MeV state. We can then substantiate Broman and 
Pullen's as.signments to the 6' states (ref. 8), but we tend to disagree with the 1' assign- 
ment. 

identified as collective states by means of inelastic scattering of alpha particles from 
Ti46 (refs. 14 and 15). Several of these states between 3.6- and 4.2-MeV excitation are 
excited both by the (CY, t) and (He , d) reactions. Since odd parity states a r e  not predicted 
by the MBZ model, we can make no statement about these assignments. These same 
inelastic scattering studies have yielded a tentative 4' assignment for the 4.723 MeV 
state (ref. 15). This state is strongly excited in both the (He', d) and (CY, t) experiments. 
The MBZ spectroscopic strength for the third 4' state at 3.9031 MeV is 1.01. This is, 
however, still a factor of 3 to 5 larger than the (CY, t) and (He , d) spectroscopic strengths. 
Thus because of this large difference in the theoretical and experimental spectroscopic 
strengths and energies, the corroborating evidence for this 4+ assignment is weak. 

(He , d) reactions. None of these states have been given spin assignments, so nothing 
quantitative can be said about them. The MBZ spectroscopic strengths (table V) for this 
energy region are largest for the higher spins. Probably, then, these strongly excited 
states have spins in the range 3 to 7. 

= 3 transitions, and production of a 1' or 6' state by 2 
P P 

45 3 
45 

Figure 8 shows a number of odd-parity, odd-integral spin states. These have been 

3 

3 

Several states above 5-MeV excitation are strongly excited in both the (CY, t) and 
3 

CO NC LU S 10 N 

45 Transitions to the states of Ti46 via the Sc (CY, t)Ti46 reactions have been shown to 
proceed primarily by 1 

22 

= 3 proton angular momentum transfer since the distorted 
P 



wave Born approximation calculations for the stripping of a proton from the incident 
alpha particle yield reasonable fits to the triton angular distributions. 
factors deduced from the distorted wave Born analysis compare favorably with those de- 

45 3 duced from a similar analysis of the Sc 
scopic factors calculated in this work from the McCullen, Bayman, and Zamick model 
for Ti46 are in reasonable agreement with this experiment. The good overall agreement 
between theory and experiment for both the (a, t) and (He , d) reactions on Sc45 indicates 
that the (a, t) reaction is a useful tool for nuclear spectroscopy where several units of 
orbital angular momentum are transferred. 

Spectroscopic 

(He , d)Ti46 reaction. Theoretical spectro- 

3 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 28, 1969, 
129-02-04-06-22. 
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